Transgenic Mexican lime (Citrus aurantifolia Swingle) was produced through two explant sources, each using systems previously optimized for each source. One used epicotyls segments, which was the predominant explant for transgenic Citrus production following co-cultivation with Agrobacterium, and has a well-established protocol. The other procedure used embryo cotyledons from mature seeds, which was developed in our lab as an alternative for stable Citrus transformation. Cotyledon transformation and regeneration protocols were optimized by comparing variables in culture medium composition on shoot regeneration and four parameters in transient transformation. The optimized protocols were compared, and frequency of regeneration, frequency of transgenic plant-recovery and stable transformation efficiency indicated the superiority of the cotyledon protocol for Agrobacterium-mediated genetic transformation in Mexican lime. The tissue choice resulted in marked improvement in shoot regeneration (14.1% of explants producing shoots in epicotyls; 55.8% in cotyledons), stable transformation frequency (11.4% of epicotyls explants; 40.2% in cotyledons), and frequency of transgenic plant-recovery (37.9% in epicotyl explants; 92.6% in cotyledons). Thus, easy availability of explants using embryo cotyledons from mature seeds, technical simplicity, shortening of transformation time-course, and higher transformation and regeneration frequencies makes this new system an attractive alternative over the previously published Citrus transformation protocols. In the course of this project, we generated Mexican lime with a Recombinase Mediated Exchange Cassette landing pad, which was designed for stacking transgenes.
Introduction
The genetic transformation of Citrus has been widely studied as a tool to generate transgenic plants with enhanced tolerance of biotic [1] - [4] and/or abiotic stresses [5] . These protocols have relied on somatic embryogenesis from nucellar calli [6] or from protoplast-derived cultures [7] , or more commonly, shoot organogenesis from epicotyl or internodal stem segments [8] - [11] . However, most of these A. tumefaciens-based systems have shown low transformation efficiencies, and/or transgenic plant-recovery.
Physiological state, ontogeny of explants and the explant-source position on mother plants greatly affects in vitro development. Different explant sources have different growth potential due to differences in age, and endogenous metabolic status [12] [13] . Likewise, Barcelo-Munoz et al. 1999 [14] reported that the choice of an appropriate explant is critical for success in morphogenesis and the ability of various types to respond for regeneration on their inheritance capabilities. Some efforts have been undertaken to explore other explants to develop an improved transformation system, with high capacity for regeneration and a shorter transformation time. Gene transfer into readily available tissue explants and regeneration without substantial in vitro culture are desirable characteristics to consider in evaluating alternative techniques for genetic transformation [15] . The resources required to maintain a continuous supply of explants at the correct developmental stage for transformation to be substantial.
Previous reports using epicotyls segments from Mexican lime have shown low affinity for Agrobacterium tumefaciens infection which results in low transformation efficiency [16] [17] . Therefore we decided to explore the use of cotyledons as an explant source. In the present study, we examined the timing and frequency of transformation between the conventional protocol, using epicotyls as explants, and an alternative optimized protocol for Agrobacterium-mediated transformation in Mexican lime. The alternative protocol using cotyledons from mature seeds provided an improvement in regeneration capacity, longer shoots and robust rooting, with a very simple transformation procedure, reducing the timing for transgenic Mexican lime plant-recovery. Application of this procedure may also accelerate the efficient recovery of other Citrus recalcitrant genotypes from in vitro transformation.
Materials and Methods

Plant Material and Explants Preparations
Seeds of Mexican lime were extracted from mature fruits and stored in a refrigerator at 4˚C until used. They were surface sterilized under aseptic conditions for 1 min in 70% (v/v) ethanol, and further immersed in a solution containing 2.5% (v/v) sodium hypochlorite (Clorox, USA) and 0.02% (v/v) tween 20, then rinsed three times with sterile distilled water. For seedling epicotyl explant transformation, sterilized seeds were placed onto Citrus seed germination medium (MS medium solidified with 2.4 g•L −1 gelrite) in tall Magenta vessels, and incubated at 27˚C for 30 days in the darkness, followed by 7 -10 days on a 16/8h light/dark cycle. The light green seedling epicotyls were aseptically cut for co-culture with Agrobacterium. For cotyledon isolation, the sterilized seeds were dried overnight, and the two seed coats were peeled off aseptically, the embryonic axes were aseptically removed, and their cotyledons were used directly as explants.
Adventitious Shoot Induction Medium for Cotyledon Explants
For regeneration experiments from cotyledons, explants were placed on MS salts with 30 g•L −1 sucrose, and supplemented with different combinations of 6-benzylaminopurine (BAP), α-naphthalene acetic acid (NAA), Indole acetic acid (IAA) and 6-furfuryl-aminopurine (Kin), using a factorial design. The medium was , brought to pH 5.7 ± 0.1 prior to the addition of agar, solidified with 6 g•L −1 agar (Sigma), and autoclaved at 121˚C for 25 min. The cotyledons were placed exterior surface (previously in contact with seed coat) down in contact with the medium. For each treatment at least 50 explants (5 plates) were cultured. Cultures were initially incubated in darkness at 27˚C ± 1˚C for 3 weeks and then transferred to a 16/8-h (light/dark) photoperiod for 3 weeks with 36 µmol•m −2
•s −1 radiation provided by fluorescent tubes. All treatments were repeated twice.
Sensitivity Test of "Mexican Lime" Cotyledons to Kanamycin
Prior to transformation, an effective concentration of kanamycin was determined for selection of transformants by culturing non-transgenic cotyledon explants on regeneration medium (MS medium supplemented 
Optimized Conditions Evaluated for Transient Agrobacterium Transformation of Cotyledon Explants
The transformation parameters were optimized for cotyledon explants using the bacterial strain EHA 105 harboring the pCTAGDV-KCN3 binary vector [18] . Parameters were tested, one at a time, in a sequential order. The optimized conditions determined in earlier experiments were used in subsequent experiments. The following four parameters (and treatments) were tested in the order stated: 1) Agro infiltration method (use of vacuum chamber during inoculation and/or dipping); 2) density of bacterial culture; 3) duration of co-cultivation period; and 4) concentration of acetosyringone transformation enhancer. For testing the first parameter, the cotyledon explants were placed in 50 ml Falcon tubes with 15 ml of Agrobacterium suspension (OD 600 = 0.5) and were subject to different vacuum durations (5, 10, 15, 20 and 25 min). After vacuum inoculation the explants were maintained in Agrobacterium solution for an additional 10 min. These treatments were compared with only immersion of the explants into Agrobacterium inoculum ("dipping"). To compare the effect of Agrobacterium concentration (0.25, 0.50, 0.75 and 1.0 OD 600 ), explants were placed in 50 ml Falcon tubes with 10 ml Agrobacterium suspension and kept under vacuum for 15 minutes, followed by an additional 10 min in Agrobacterium inoculum. The effects of co-culture period and the presence of acetosyringone (AS) during co-cultivation period were evaluated, and the cotyledons inoculated with Agrobacterium were placed on co-cultivation medium for 0, 1, 2, 3 or 4 days, and the best co-culture period was selected to analyze the effect of transformation enhancer acetosyringone during the co-culture (concentrations at 0, 50, 100 or 150 μM). All parameters were evaluated using transient DsRed expression as described below.
DsRed Expression Assay
The expression of DsRed was observed in cotyledon explants under a fluorescent microscope (Olympus BX3) at 10x magnification and the appropriate filter for detection of the red fluorescence of the DsRed protein, which has an excitation maximum at 545 nm and emission maximum at 600 nm. Comparisons of the transient DsRed expression levels were made by counting DsRed expressing explants 10 days after co-cultivation. After Agrobacterium inoculation, explants were blotted on filter paper, transferred to co-culture medium for 3 days, which was then transferred to the selection medium for an additional 10 days. Analysis for each parameter used twenty five cotyledon explants and was repeated thrice.
Stable Transformation and Selection of Transgenic Plants
Agrobacterium tumefaciens strain EHA 105/pCTAGDV-KCN3, described in De Oliveira et al. 2015 [18] , was cultured overnight in an orbital shaker at 28˚C in 50 ml of YEP medium containing 100 mg•L −1 kanamycin. Bacterial cells were harvested by centrifugation at 3500 rpm for 5 min, resuspended to the designated OD 600 in liquid MS basal medium containing 100 µM acetosyringone for explant inoculation. The A. tumefaciens suspension described above was used for epicotyl and cotyledon transformation. Figure 1 outlines the procedure for epicotyl and cotyledon explant transformation in Mexican lime. An epicotyl transformation protocol was previously described by De Oliveira et al., 2015 [18] . The optimized protocol was established for Agrobacterium-mediated transformation of Citrus using cotyledons as described below. The 
Molecular Analysis
Genomic DNA was isolated from leaves of transgenic and non-transgenic plants as previously described by Štorchová et al. (2000) [19] . For each sample of DNA, 100 ng of genomic DNA in 25 µL volume was used per PCR reaction. CodAORF70F60 and CodAORF1137R60 primers 5' CAAGACCCTTCCTCTATATAAG-3' and 5'-CGAGTTCATAGAGATAACCTTC-3', were used to detect the negative selectable marker sequence. The expected fragment size of the amplified DNA segment is 1067 bp. As a control, DNA from non-transgenic cv. Carrizo was included in each PCR screening. PCR positive transgenic plants were subsequently confirmed by Southern Blot. Ten micrograms of genomic DNA of non-transgenic (NT) and transgenic plants were digested with EcoRI for 6 h at 37˚C and separated by electrophoresis on a 0.8% (w/v) agarose gel. The DNA was then transferred to a Hybond-N membrane (Amersham) and hybridized with the 32 P-labelled codA sequence (Produced by Promega TaqTM polymerase using primers CodAORF70F60 5' CAAGACCCTTCCTCTATAT AAG-3' and CodAORF1137R60 5'-CGAGTTCATAGAGATAACCTTC-3') as described by De Oliveira et al. (2015) [18] .
Statistical Analysis
All data were analyzed by analysis of variance (ANOVA) and Tukey's multiple comparison tests at 5% proba-
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Results and Discussion
Comparison of PGR Composition on Adventitious Shoot Regeneration
Most of the published protocols for Agrobacterium-mediated transformation in Citrus have used epicotyls as target cells for incorporation of the T-DNA [20] . Here, the cotyledons were extracted from mature seeds and conditions for regeneration and Agrobacterium transformation were optimized.
In preliminary studies, the cotyledons from seeds of Mexican lime were cultured on different media formulations containing different concentrations of BAP, Kin, NAA, and IAA (Figure 2) . The results indicated that the frequency of explants with shoots and subsequent number of the shoots per explants were influenced by the type of plant growth regulator as well as concentration and combination of cytokinin or auxin. In the present study, the two cytokinins, BAP and Kin exerted a synergistic effect on the proportion of cotyledons producing shoots and the number of shoots per explants. Both parameters were higher for the cytokinin combination than for either cytokinin alone. The number of cotyledon segments forming shoots and the number of shoots per cotyledon increased with increasing cytokinin concentration and decreased with the addition of auxin as either NAA or IAA to the optimal high cytokinin medium. Addition of NAA and IAA did not cause significant differences on cotyledon morphogenesis in some treatments but in media with a high cytokinin levels the presence of auxin did enhance root formation (data not showed). Therefore, greatest regeneration capacity was achieved with 2 mg•L It has been shown that BAP is a requisite for optimal shoot regeneration in epicotyls, cotyledons, shoot tips, nodal and internodal stem segments of Citrus, while the effect of auxins seems to be marginal [21] - [25] . Our data demonstrate that in addition to BAP, inclusion of either Kin or IAA enhances shoot organogenesis from cotyledon explants.
Kanamycin Sensitivity
After the establishment of the optimal regeneration medium, we evaluated the response of 
Optimization of Transformation Conditions for T-DNA Delivery into Cotyledons of Mexican Lime
To determine optimal conditions for genetic transformation using cotyledons as explants, four studies were performed to establish optimal conditions for T-DNA delivery into tissue by Agrobacterium-mediated transformation (variables were vacuum infiltration and/or dipping, Agrobacterium concentration, co-cultivation period, and concentration of acetosyringone in co-cultivation medium). DsRed gene expression was used to monitor early transformation events. The first experiment compared the vacuum infiltration and/or standard dipping ( Table 1) . DsRed expression increased with infiltration time up to 10 minutes, but longer infiltration hindered bacterial elimination and increased Agrobacterium overgrowth, resulting in reduced explants survival. Therefore, 10 minutes of vacuum infiltration was used in subsequent experiments. It has been reported that vacuum infiltration during Agrobacterium incubation period enhanced transformation efficiency in several species [9] [26]- [29] by improving pene- tration of Agrobacterium into the explants.
Transient expression was enhanced at bacterial density higher than OD 600 of 0.25 ( Table 1 ) but OD 600 > 1.0 increased Agrobacterium overgrowth. Consequently, OD between 0.50 and 0.75 were chosen for subsequent transformation experiments.
Increase in co-culture period resulted in an increased rate of DsRed expression. Co-culture for 3 or 4 days resulted in the highest proportion of explants expressing DsRed (Table 1) , in spite of 4 days resulted in Agrobacterium overgrowth on the explant surface and a subsequent decrease in the explants survival. Therefore, we used a 3 day co-cultivation for subsequent experiments. Inclusion of acetosyringone at 100 -150 μM in the co-culture medium resulted in the greatest proportion of explants displaying transient DsRed expression. Acetosyringone at 150 μM did not increase expression compared to 100 μM, therefore acetosyringone was used at 100 μM in all subsequent experiments. The use of acetosyringone (AS) during co-culture increases Agrobacterium-mediated transformation frequencies has previously been seen in several Citrus genotypes, such as, sweet orange [30] [31], "Carrizo" citrange [32] , and Rio Red grapefruit [33] . AS is a phenolic compound naturally produced during wounding of plant cells that induces the transcription of the virulence genes of Agrobacterium [34] .
From these experiments we concluded that Agrobacterium-mediated transformation using cotyledon of Citrus was near optimal with the following protocol: cotyledons were vacuum infiltrated in inoculation suspension at OD 600 of 0.5 -0.75 for 10 min followed by "resting" in the inoculum suspension for additional 10 min, blotting on filter paper, and co-culture in the dark for 3 days with supplementation of 100 μM of acetosyringone. Therefore, these optimized conditions of T-DNA delivery were evaluated on stable transformation efficiency. Figure  4 shows transient and stable DsRed transformation in Mexican lime, confirming the transgene integration using the optimized cotyledon transformation protocol.
Molecular Analysis of Transgenic Plants
PCR verified the stable transformation of Mexican lime ( Table 2) . Twenty-nine PCR positive shoots were recovered following transformation from 254 inoculated epicotyls (11.4% of transformation efficiency), compared to 41 PCR positive shoots from 102 inoculated cotyledons (40.2 % of transformation efficiency). Only 37.9% of PCR positive plantlets from epicotyls were rooted and successfully acclimated under greenhouse conditions, one third those obtained using the cotyledon transformation protocol where 92.6% of transgenic shoots were successfully established. This may largely be due to the shorter length of shoots obtained from epicotyl explants (Figure 5(A), Figure 5(B) ), compared to longer shoots obtained from cotyledons ( Figure 5(B), Figure 5(C) ). The root systems produced from cotyledon-derived transgenic shoots (Figure 5(D) ) were more vigorous compared to those derived from epicotyls ( Figure 5(E) ).
The results from Southern blot analysis done at 120 days after shoot establishment in the greenhouse, shows strong transgene amplification and hybridization in cotyledon-derived transgenic plants ( Figure 5(F) ), consistent with stable transformation.
It is important to note that in this study, putative transgenic shoots were directly induced from cotyledons without the intervening step of seed germination which does not require weeks of preparation and staging of materials necessary when using epicotyls explants. The transgenic shoots resulting from cotyledon transformation were longer and had more vigorous root systems than those from epicotyl transformation, further reducing the time from initiating the transformation protocol to successfully establishing rooted plants ex vitro. The shoots produced per explants, transformation frequency, and transgenic plant establishment per explant were significantly improved using cotyledon transformation compared with epicotyl transformation. The epicotyl ex- plants transformation and establishment efficiencies generated in this study were similar to those previously reported for Mexican lime using a slightly different protocol [16] [17] . It must be noted that only two cotyledon explants are generated from each seed while as many as ten epicotyls explants are produced from each seed. However, production of epicotyl explants results in the loss of some seedlings to contamination and frequent discarding of some seedlings when initial staging does not correctly anticipate need for explants.
Conclusion
In conclusion, it has been demonstrated that cotyledons from Mexican lime are easily transgenic using A. tume-faciens. The use of cotyledon explants may be widely applicable for genetic transformation of Citrus. Transforming cotyledons directly rather than seedlings or juvenile plants is technically simpler, less time-consuming, and at least in Mexican lime produces transgenic plants at a greater efficiency than the standard Citrus transformation protocols. In addition, this shoot regeneration system based on cotyledons may facilitate the use of particle-bombardment technology for transformation of Citrus species that are difficult to transform via Agrobacterium. During the course of this project, we utilized the pCTAGDV-KCN3 vector for Mexican lime transformation [18] . This vector was designed to provide a genomic landing pad or founder line for Recombinase Mediated Exchange Cassette (RMCE) genome targeting. The system is designed specifically for stacking multiple transgenes in a site-specific and sequential manner and also removes unneeded selectable markers when completed [35] . Analysis of the RMCE targeted integration protocol is currently being investigated.
